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Abstract 
All-screen-printed back-contact back-junction silicon solar cells with aluminum-alloyed emitter on n-type base 
material were fabricated and analyzed at Fraunhofer ISE PV-TEC. Three different process sequences are compared to 
each other. One process flow with shallow phosphorus profiles realizes cells with efficiencies of 19.7%. Using a long 
thermal oxidation, cells with deep driven-in phosphorus profiles (front and back surface field) were processed where 
solar cell efficiencies of 20.0% are realized. Both cell efficiencies are independently measured at Fraunhofer ISE 
CalLab on a designated area of 16.65 cm2.  
The specific contact resistivity of screen-printed and fired silver paste to silicon surfaces with different phosphorus 
profiles was determined in dependence of several firing conditions. The main developed features of the presented cell 
structure comprise the firing-stable front and rear passivation layers, the spiking-free passivation layer against 
aluminum and the deep driven-in phosphorus profile that can be contacted by silver screen-printing paste in a firing 
step. 
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1. Introduction 
With n-type base material, featuring high minority carrier lifetimes, high-efficiency back-contact back-
junction (BC-BJ) solar cells can be realized. SunPower Corp. achieved an efficiency of 24.2% on a BC-
BJ cell on large area (155.1 cm2) [1]. Gong et al. [2] and Bock et al. [3] recently introduced a BC-BJ cell 
with an aluminum-alloyed emitter and efficiencies of 19.1%, 19.0% respectively. Both cells were realized 
by printing full area aluminum on the rear (which was partly removed later on) and additional evaporation 
of metal contacts. The aperture area of their cells was about 4 cm2. In this work the structuring as well as 
the metallization were carried out via industrially feasible screen-printing technology [4]. The screen-
printing resist and both (Ag and Al) metallization pastes were screen-printed in form of an interdigitated 
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grid onto the rear without etching off the Al paste after the co-firing process. The cross-section of the 
realized cell is illustrated schematically in Fig. 1. 
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Fig. 1. Schematic cross-section of the cell structure. The rear structuring and metallization were realized by screen-printing. 
2. Experimental 
2.1. Contacting deep driven-in phosphorus profile 
A low front surface recombination velocity S0 is mandatory in order to reach high efficiencies of the 
BC-BJ solar cells. Very low front surface saturation current densities J0s can be reached with a driven-in 
phosphorus-diffused front surface field (FSF) by applying a long thermal oxidation process after the 
phosphorus diffusion [5], [6]. During this temperature step also the back surface field (BSF) gets driven-
in, leading to a considerably reduced phosphorus surface concentration. In order to determine the specific 
contact resistivity between the silicon surface and the screen-printed silver paste, specially designed test 
structures were processed. Three different phosphorus diffusion processes were carried out resulting in 
different sheet resistances Rsh on p-type float-zone (FZ) wafers. After the removal of the phosphorus 
silicate glass (PSG) and cleaning, the wafers were oxidized for one hour at 1050°C. The silicon oxide was 
etched off and TLM (transmission line model) Ag contact structures were screen-printed and fired in a 
belt furnace in order to measure the specific contact resistivity of the Ag to the diffused area. The belt 
velocity vbelt of the firing furnace was varied. This was performed because investigations on the aluminum 
alloying process with a reduced belt velocity compared to the standard velocity show an improvement on 
the microscopic scale and solar cell level [7]. 
The phosphorus concentration ND,P in dependence of the depth of the surface is measured by SIMS 
(secondary ion mass spectroscopy) on additional, polished wafers. The sheet resistance Rsh was measured 
inductively. 
2.2. Solar cell 
We used 125 × 125 mm2 pseudo-square n-type FZ silicon wafers with a specific base resistivity of 10 
cm. Four BC-BJ cells with a size of 50 × 50 mm2 were processed on one wafer (see Fig. 2). The as-cut 
material was damage-etched resulting in a wafer thickness of 190 µm. First, a defined area of BSF was 
realized by screen-printing a masking resist on a PECVD SiOx and a subsequent phosphorus diffusion. 
Then the front was textured and the front surface field (FSF) was diffused. For one group the FSF and 
BSF were not driven-in (NoDrIn - No Drive-In). For the second and the third group they were deep 
driven-in (DeDrIn - Deep Drive-In), whereas for the third group the texturing and the FSF realization was 
performed symmetrically at the beginning and the rear was planarized by a polishing etch afterwards 
(SymPro - Symmetrically Processed). The sheet resistance of the FSF of all cells is about 150 /sq. The 
passivation layer on the rear was opened locally by a wet chemical etching process in combination with a 
screen-printed mask. The contacts and the aluminum-alloyed p+-layer were realized by screen-printed 
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aluminum paste whereas silver paste formed a contact to the BSF area in a co-firing process in a belt 
furnace. See [4] for a more detailed discussion of the process sequence. 
 
Fig. 2. A scan of the rear of the finally processed wafer. Three 50 × 50 mm2 cells with finger contacts and varying emitter coverage 
and one point contact cell are visible. At the top and bottom of the wafer the TLM structures were processed. Test structures for 
measuring the doping profiles are placed at the sides of the wafer. 
  
3. Results and discussion 
3.1. Contacting deep driven-in phosphorus profile 
The results of the SIMS measurement is shown for three diffusion processes before and after oxidation 
in Fig. 3. Before the oxidation the front surface phosphorus concentration does not vary much but the 
profile depth is deeper for a lower Rsh profile. After oxidation the profile depths increase and the surface 
concentrations decrease. The decrease is less pronounced for a low Rsh profile.  
On the driven-in profiles Ag TLM structures were analyzed (see Fig.4). The specific contact resistivity 
c is plotted versus the belt velocity vbelt of the firing furnace. Two trends are observed: 
 For a constant vbelt, c decreases with increasing phosphorus surface concentration. This is attributed to 
a reduced Schottky barrier. An effect, which is well described in literature [8]-[10]. Fig. 5 additionally 
shows a decrease in the density of Ag crystallites with increasing Rsh, which supports this trend. This 
was previously observed in [11]. 
 For a constant Rsh, c reaches a minimum for a belt velocity of vbelt = 4200 mm/min. This can be 
explained as follows: For a lower belt velocity meaning a higher effective sample temperature, the 
thickness of the isolating glass frit between the crystallites and the “bulk silver” increases, thus c 
increases [12], [13]. For a higher belt velocity the reaction time for the Ag paste to form a contact 
decreases and therefore c could be increased [13].  
For the cells DeDrIn and SymPro, a phosphorus diffusion with Rsh = 8 /sq was carried out, resulting 
in a profile with a phosphorus surface concentration above 1020 cm-3. This highly doped BSF was chosen 
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because it is possible to contact it with a standard silver paste. The c is only 1.8 m cm2 at a slow firing 
process.  
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Fig. 3. Three phosphorus profiles before and after oxidation 
determined by SIMS measurement. After the removal of the 
PSG, the sheet resistance varies between 8 and 48 /sq. The 
oxidation causes a drive-in of the phosphorus profiles to 2-3 
µm, reducing the surface concentration and the sheet 
resistance.  
Fig. 4. The graph shows the specific contact resistivity depending 
on belt velocity for different phosphorus profiles characterized by 
their sheet resistance. The range betweent medium and upper belt 
velocity is typically used for industrially manufactured solar 
cells. The reliability of the TLM measurement is controlled by 
comparing the sheet resistance with the inductively measured Rsh.  
 
Fig. 5. SEM analysis of Ag contacts on P-diffused Si. After firing of the screen-printed Ag contacts, the “bulk silver” was etched off 
in an HNO3 solution. The glass was then removed in HF, in order to give access to the Ag crystallites on the P-diffused Si surface. 
For an increasing Rsh, the Ag crystallite density decreases (same magnification for the three pictures). 
3.2. Solar cell 
In Table 1 the cell parameters for the three different process sequences with a pitch of 2 mm and an 
emitter coverage EC, i.e. the ratio of the emitter finger width to the pitch, of 58% are shown. Using only a 
short oxidation process, an efficiency of 19.7% can be reached (NoDrIn). As expected the short-circuit 
density jsc as well as the open-circuit voltage Voc can be increased if the front surface field is deeply 
driven-in (SymPro). The cell DeDrIn should perform similarly, but the jsc is smaller.  
The external quantum efficiency (EQE), the reflection (R) and the internal quantum efficiency (IQE) 
for the three cells are shown in Fig. 6. The high IQE in the short wavelength range for all cells shows the 
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very good front surface passivation. However the IQE in the short wavelength range increases for the 
cells with driven-in FSF as expected due to the lower saturation current densities. The higher jsc for the 
SymPro cell can be attributed to the front side. The early drop at about 950 nm for all cells is probably 
mainly due to free-carrier absorption (FCA) at the deep aluminum-alloyed p+-area and the highly doped 
phosphorus BSF (Rsh = 2 /sq for DeDrIn and SymPro, Rsh = 8 /sq for NoDrIn). Due to a higher sheet 
resistance of the NoDrIn cell the drop of the IQE curve is less severe. This effect will be further 
investigated by ray-tracing simulations. 
 
Table 1. The cell parameters for the different process sequences. The 
cell NoDrIn has shallow FSF and BSF profiles. DeDrIn and SymPro 
cells have deep driven-in profiles, only differing in the process 
sequences. 
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NoDrIn 641 38.8 79.3 19.7* 
DeDrIn 645 38.4 79.3 19.7 
SymPro 647 39.4 78.4 20.0* 
* independently measured at Fraunhofer ISE CalLab 
 
 
Fig. 6. The EQE, reflection and the IQE for the 
processed cells are shown. The reflection is given for 
the NoDrIn process, only. 
4. Conclusions and outlook 
We analyzed the contact resistivity for commercially available screen-printed silver pastes deposited 
on silicon wafer surface. The contact resistivity decreases for a higher phosphorus surface concentration 
as well as for a medium band velocity of the belt furnace. Both trends could be explained and a low 
specific contact resistivity of around 1 m cm² could be demonstrated for varying speed belt.  
High efficiency back-contact back-junction silicon solar cells with all-screen-printed rear side and 
aluminum-alloyed emitter were processed. Efficiencies of up to 19.7% applying a short oxidation process 
and 20.0% using a long oxidation process are reached. Both efficiencies are confirmed by Fraunhofer ISE 
CalLab. The internal quantum efficiency shows a very good front but an improvable rear side.  
In order to further increase the efficiency of the presented solar cells the following modifications to the 
present structure will be performed: the emitter will be passivated in order to increase Voc. The wafer 
thickness will be decreased and the screen design optimized, in order to reach an increased emitter 
coverage and therefore a higher jsc. Higher doped Cz material in the range of 3 cm will be used to 
increase FF. Well conducting silver fingers and thick and widely printed aluminum fingers will allow the 
upscaling to large area cells. 
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